Abstract: Underground coal gasification (UCG) produces less pollution and is safer than traditional coal mining. In order to investigate the effects of different gasifying agents or comprehensive analyses of the characteristics of the gas components in the three zones for the reverse underground coal gasification process, a model test was carried out. The results showed that the oxygen concentration of a gasifying agent is recommended to be higher than 21%, which will lead to more combustible gases and a higher calorific value of gas. Higher flow rates and oxygen content generally afforded more desirable gas compositions and calorific values, with the latter as high as 1430.19 kcal/Nm 3 . For the enriched oxygen gasifying agent in the reverse gasification process, the flow increase from 10 to 20 Nm 3 /h affords a rapid increase in the growth rate of the flame front, from 1.80 to 4.88 m/day, which is much faster than that for the air gasifying agent. Increasing the gas injection rate and oxygen concentration will increase the growth rate of the flame front. This affects the distribution of the three zones and further leads to different characteristics of the gas components.
Introduction
Underground coal gasification (UCG) converts coal into combustible gas through controlled in situ combustion, thus transforming ordinary "physical" mining into "chemical" mining. In this process, hole or channel drilling is achieved on the surface and obviates the need for underground work, large mining equipment, ground gasification equipment, and surface gasifier construction. This greatly reduces the environmental damage caused by traditional physical mining, and coal exploitation can be maximized even for steeply inclined, thin, ultra-deep, or inferior coal seams, or otherwise uneconomical coal resources that are not suitable for physical mining. The approach is highly regarded around the world, particularly as a second-generation mining method [1] [2] [3] [4] . As an important means of clean coal technology, UCG integrates geological and environmental science; detection and coal mining technologies; computational analysis; chemical, coal chemical, and energy technologies; resource economics; and management science. UCG has many advantages, including safety and lower costs, and is also environmentally friendly [5] [6] [7] [8] [9] . As early as 1979, the United Nations World Coal Vision Conference clearly pointed out that UCG is an important way to fundamentally solve a series of technical and environmental issues caused by traditional coal mining methods, and its development should direct world coal mining research.
The UCG system is illustrated in Figure 1 . An injection well is used to introduce the gasifying agents (air or oxygen), and the coal is ignited under certain conditions. A flame front is generated and
The UCG system is illustrated in Figure 1 . An injection well is used to introduce the gasifying agents (air or oxygen), and the coal is ignited under certain conditions. A flame front is generated and the coal is gasified as the flame front moves through the seam. A production well, drilled downstream, collects the product gases. During UCG operation, three zones are formed along the gasification channel according to the temperature distribution and the reactions that occur between the coal and gasifying agents; these are the oxidation, reduction, and dry distillation zones, where combustion, gasification, and pyrolysis take place [10] [11] [12] [13] , respectively, as shown in Figure 1 . In the oxidation zone, after the coal seam is ignited, oxygen reacts with the coal and produces tremendous heat; the highest temperature is obtained in this zone [14] . In the reduction zone, the movement of the generated steam and CO2 carries heat along the channel, whereupon the reduction reaction occurs between the gasifying agents and coal in the presence of the thermal energy from the upstream oxidation reaction. In addition, H2 and CO are produced by the catalytic action of some iron-bearing minerals in this zone. As heat is consumed, the temperature grows insufficient for the reduction reaction; however, pyrolysis and hydration of the coal will occur because of the residual heat in the gas. Volatile matter is released, including many kinds of hydrocarbons, steam, tar, and some inorganic gases. This region is designated as the dry distillation zone. Through these three zones, the product gas, containing mainly CO, H2, and CH4, is obtained [15] . According to the directions of flame and gas propagation, the UCG gasification technique can be operated as a forward or reverse gasification process. As shown in Figure 1a , in the forward gasification process, the flame follows the direction of the gas flow and moves gradually toward the production well [16] , which simultaneously shortens the reduction and dry distillation zones. This leads to decreased concentrations of H2 and CO and worsens the gas quality. Internationally, scholars have attempted to solve this problem in various ways; one approach is reverse gasification, which can correct the insufficient lengths of the reduction and dry distillation zones when the flame front moves toward the production well. In reverse gasification, as shown in Figure 1b , the oxidant is injected through one well while the coal is ignited and products removed through the other, so the flame moves toward the injection well, following the oxidant source [17] [18] [19] . In this way, the gas flow moves towards the production well and the flame propagates in the direction opposite to the gas flow [20, 21] . Under these conditions, the reduction and dry distillation zones are extended, which is beneficial for the decomposition and reduction reactions, and promotes the reactions of H2O (g) and CO2 [22] .
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In 1941, the Podmoskovnaya UCG plant in the former Soviet Union invented combustion linking techniques in order to connect the injection and production wells and provide a gasification channel for UCG [23] . In the intervening years, linking techniques have been extensively studied, and in practical operations, the reverse combustion linking technique has been widely applied to the Energies 2018, 11, 2949 3 of 13 linkage stage in the UCG process [20, [24] [25] [26] . With reverse gasification linking, the flame propagates to form a desirable tube-like cavity between the wells, whereas the cavity formed by forward gasification linking is pear-like in shape [18, 27] . Laboratory-scale reverse gasification experiments, performed in small-diameter tubes, have also contributed to the understanding and development of reverse gasification [28, 29] . The Yuzhno-Abinsk plant in Russia was unique in operating an industrial-scale reverse gasification process. However, both the field trials and laboratory experiments were discontinued in the late 1980s because of the increased worldwide use and availability of natural gas and oil [30] . D.W. Camp summarized underground coal gasification research that took place in the United States from 1948 to 2015, including Controlled Retraction Injection Point (CRIP) field tests in the Rocky Mountain [31] . In recent years, a limited number of reports have been published concerning large-scale pilot systems operated by the reverse gasification process. Liang et al. studied both forward and reverse two-stage gasification processes, and showed that the thermal efficiency of the latter was higher than that of the former [32, 33] . Yong et al. studied reverse gasification with a mixed oxygen-steam agent in a simulated pilot system [17] . Jiang et al. simulated the process of reverse combustion in porous media, and the results showed that reverse gasification was a low-temperature process with strong coupling of mass and heat transfer and chemical reaction kinetics [34] .
At present, there are no reported comparative studies of the effects of different gasifying agents or comprehensive analyses of the characteristics of the gas components in the three zones for the reverse gasification process. In this paper, tests of a model system based on the reverse UCG method were performed with the objective of establishing a theoretical basis for the control and optimization of the technique. The reactor for the UCG model test was cylindrical, with a length and diameter of 7.4 and 3.5 m, respectively. The interior of the reactor was made of poured refractory material, and the outer wall was made of a special steel used for pressure vessels. The reactor could operate continuously at high temperatures for extended periods, and could sufficiently simulate the UCG conditions. We chose lignite coal for the study, because lignite has the lowest degree of coalification and is unfit for mining. Furthermore, because it possesses abundant pore structure and shows high gasification activity, it is regarded as more suitable for underground coal gasification [9] . We compared the use of air and oxygen-enriched air as gasifying agents and analyzed the characteristics of the gas components in the three zones. The transformations of the temperature field and growth rate of the flame front were also quantitatively studied.
The steps of work in this article are as follows: First, the experimental methodology and procedure is presented in Section 2. Then, the experimental results are presented and discussed in Section 3. Finally, Section 4 shows the conclusions.
Experimental

Methodology and Material
Underground coal gasification is carried out in the actual underground coal seam, so it is difficult to study the characteristics of three zones in the whole process of underground coal gasification through field test. The underground gasification model test can monitor and study the underground gasification process under similar conditions by various advanced sensors. It is hoped that the reverse gasification law can be obtained by the model test in this paper, which can provide basic data and adjustment ideas for the field test.
The lignite coal sample was obtained from the Shenbei coal mine in China. The proximate and ultimate analyses of the coal sample are shown in Table 1 . 
Experimental Reactor
The reactor for the UCG model test was cylindrical, 7.4 m in length, and 3.5 m in diameter, as shown in Figure 2 . The interior of the reactor, with dimensions of 5.0 m × 1.6 m × 1.6 m, was made of poured concrete, while the outer wall was made of 16 MnR pressure-vessel steel. The reactor was operated continuously at high temperatures for up to 15 days. Four peepholes were installed in the reactor for closed-circuit industrial television (CCTV) observation, together with five inlet (or outlet) pipes and 33 temperature and pressure measurement ports. Data acquired online during the test were collected using a Honeywell distributed control system (DCS) and saved to a hard disk, from which various curves could be exported.
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The reactor for the UCG model test was cylindrical, 7.4 m in length, and 3.5 m in diameter, as shown in Figure 2 . The interior of the reactor, with dimensions of 5.0 m × 1.6 m × 1.6 m, was made of poured concrete, while the outer wall was made of 16 MnR pressure-vessel steel. The reactor was operated continuously at high temperatures for up to 15 days. Four peepholes were installed in the reactor for closed-circuit industrial television (CCTV) observation, together with five inlet (or outlet) pipes and 33 temperature and pressure measurement ports. Data acquired online during the test were collected using a Honeywell distributed control system (DCS) and saved to a hard disk, from which various curves could be exported. To investigate the temperature of the coal seam during the model test, 96 thermocouples were used ( Figure 4 ). These were nickel-chromium/nickel-silicon (K-type) armored thermocouples, located in eight rows and three levels-upper, middle, and lower. The distance between these levels was 0.20 m, and the rows were separated by 0.52 m.
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Coal lumps were piled up along the direction of stratification to simulate an underground coal seam with dimensions of 4.0 m × 0.6 m × 0.6 m, where one 50 mm × 50 mm gasification channel in the mid-bottom seam (Figure 3 ) was reserved. An electric igniter was placed inside the gasification channel to ignite the coal seam. The coal lumps were bonded with clay and pulverized coal mixed with water. The ratio of the coal seam size used in the model test with respect to a typical shaftless underground coal gasification site was 1:160. To investigate the temperature of the coal seam during the model test, 96 thermocouples were used (Figure 4 ). These were nickel-chromium/nickel-silicon (K-type) armored thermocouples, located in eight rows and three levels-upper, middle, and lower. The distance between these levels was 0.20 m, and the rows were separated by 0.52 m. 
Experimental Procedure
After the safety of the UCG model test reactor was ensured, it was prepared for ignition. Oxygen mixed with air was first injected into the coal seam, and electricity was simultaneously supplied. The parameters of the coal seam were observed synchronously by CCTV. If the concentration of oxygen in the gas was less than 1.5% and the temperature around the ignition point was 873 K; the ignition was successful.
The reverse gasification test was officially started after the inlet and outlet wells were reversed and the gasifying agent was injected into the production well. As the gasifying agent, air was injected into the coal seam at flow rates of 10, 15, or 20 Nm 3 /h, and the product gas compositions were monitored and recorded at 30 min intervals for at least 7 h. The tests were then repeated using oxygen-enriched air containing 35% oxygen as the gasifying agent at flow rates of 10, 15, and 20 Nm 3 /h. The tests were stopped when the gas quality declined and the temperature field cooled.
Experimental Results
Characteristics of Gas Components
The effects of the gasifying agent on the gas composition and calorific value are illustrated in Figure 5 . Clearly, when using air as the gasifying agent, the product gas composition and calorific values change only within a small range; the average H2, CO, and CH4 contents are 11.57%, 6.05%, and 1.36%, respectively, and the average calorific value is 597 kcal/Nm 3 . When the gasifying agent is replaced by enriched oxygen, the gas composition and calorific values both show significant degrees of growth, and as the flow of enriched oxygen increases, these values obviously increase. Thus, at 20 Nm 3 /h enriched oxygen, the contents of H2, CO, and CH4 increase to 22.39%, 22.10%, and 2.08%, 
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Experimental Results
Characteristics of Gas Components
The effects of the gasifying agent on the gas composition and calorific value are illustrated in Figure 5 . Clearly, when using air as the gasifying agent, the product gas composition and calorific values change only within a small range; the average H 2 , CO, and CH 4 contents are 11.57%, 6.05%, Energies 2018, 11, 2949 6 of 13 and 1.36%, respectively, and the average calorific value is 597 kcal/Nm 3 . When the gasifying agent is replaced by enriched oxygen, the gas composition and calorific values both show significant degrees of growth, and as the flow of enriched oxygen increases, these values obviously increase. Thus, at 20 Nm 3 /h enriched oxygen, the contents of H 2 , CO, and CH 4 increase to 22.39%, 22.10%, and 2.08%, respectively, which are 2, 3.7, and 1.6 times that of those obtained with air as the gasifying agent, respectively. Finally, the gas calorific value increases to 1430.19 kcal/Nm 3 , 2.4 times which obtained with air as the gasifying agent. Thus, compared with air, enriched oxygen as the gasifying agent is superior. These results may be rationalized by the oxidant injection at one well and coal ignition at the other during the reverse UCG process, so that the flame moves toward the injection well, following the oxidant source. However, the low oxygen content in the air and the necessarily increased flow removes some of the heat, resulting in little improvement in the gas composition and calorific value. When the gasifying agent is changed to enriched oxygen, however, the flame front moves toward the gas-injection well faster because of the higher oxygen content. Additionally, the reduction and dry distillation zones become elongated, benefitting the decomposition and reduction reactions and, consequently, the conversions of H2O (g) and CO2 to H2 and CO, respectively [22] . This results in greatly increased gas composition and calorific values, with the CO content showing the most improvement.
Temperature Field Transformation
The changes in the temperature field during the reverse UCG model tests are shown in Figure 6 . For the processes using air as the gasifying agent, the flame front moves slowly toward the gas-injection well (toward the 4000 mm direction in Figure 6 ) as the flow rate increases. The location of the flame front in the middle of the coal seam at 2000 mm means that the reduction and dry distillation zones are shorter relative to those observed with enriched oxygen. This is a result of the lower oxygen content in the air, and accounts for the lower gas composition and calorific values.
When the gasifying agent is replaced by enriched oxygen, the flame front moves quickly toward the gas-injection well as the flow of the gasifying agent increases, with the flame front reaching the gas-injection side of the coal seam. This places the entire coal seam in the reaction zone, and the reduction and dry distillation zones are much longer than when air was used. This is because, in the reverse UCG process, in which the oxidant is injected from one well and coal is ignited in the other, the flame moves towards the injection well following the oxidant source; the higher oxygen content in the enriched mixture induces quicker movement of the flame front toward the gas-injection well and improves the gas composition and calorific values. These results may be rationalized by the oxidant injection at one well and coal ignition at the other during the reverse UCG process, so that the flame moves toward the injection well, following the oxidant source. However, the low oxygen content in the air and the necessarily increased flow removes some of the heat, resulting in little improvement in the gas composition and calorific value. When the gasifying agent is changed to enriched oxygen, however, the flame front moves toward the gas-injection well faster because of the higher oxygen content. Additionally, the reduction and dry distillation zones become elongated, benefitting the decomposition and reduction reactions and, consequently, the conversions of H 2 O (g) and CO 2 to H 2 and CO, respectively [22] . This results in greatly increased gas composition and calorific values, with the CO content showing the most improvement.
When the gasifying agent is replaced by enriched oxygen, the flame front moves quickly toward the gas-injection well as the flow of the gasifying agent increases, with the flame front reaching the gas-injection side of the coal seam. This places the entire coal seam in the reaction zone, and the reduction and dry distillation zones are much longer than when air was used. This is because, in the reverse UCG process, in which the oxidant is injected from one well and coal is ignited in the other, the flame moves towards the injection well following the oxidant source; the higher oxygen content in 
Growth Rate of the Flame Front
To evaluate the growth rate of the flame front in the reverse UCG model test, we analyzed the temperature field data that were exported from the DCS, calculated the position of the flame front, and then obtained its growth rate, as shown in Figure 7 .
The experimental data show that, in the process using air as the gasifying agent, as the flow increases from 10 to 20 Nm 3 /h, the growth rate of the flame front increases slowly from 0.89 to 1.59 m/day. Thus, the flow of air has little effect on the growth rate of the flame front.
For the enriched oxygen gasifying agent, the flow increase from 10 to 20 Nm 3 /h affords a rapid increase in the growth rate of the flame front, from 1.80 to 4.88 m/day. Moreover, when the flow of enriched oxygen is 10 Nm 3 /h, the flame-front growth rate is slightly higher than that of air at 20 Nm 3 /h. This is because the greater oxygen content in the enriched mixture enables the flame front to move quicker towards the gas-injection well. Clearly, compared with air as the gasifying agent, enriched oxygen is significantly better, which is also proven in the literature [35, 36] . In the reverse gasification process, increasing the gas injection rate and oxygen concentration will increase the growth rate of the flame front, which may help to control the gasification position of coal seam.
Energies 2018, 11, x 8 of 13 Figure 6 . Changes in the temperature field during the reverse UCG process: with air as the gasifying agent at flow rates of (a) 10; (b) 15; and (c) 20 Nm 3 /h; with enriched oxygen as the gasifying agent at flow rates of (d) 10; (e) 15; and (f) 20 Nm 3 /h.
For the enriched oxygen gasifying agent, the flow increase from 10 to 20 Nm 3 /h affords a rapid increase in the growth rate of the flame front, from 1.80 to 4.88 m/day. Moreover, when the flow of enriched oxygen is 10 Nm 3 /h, the flame-front growth rate is slightly higher than that of air at 20 Nm 3 /h. This is because the greater oxygen content in the enriched mixture enables the flame front to move quicker towards the gas-injection well. Clearly, compared with air as the gasifying agent, enriched oxygen is significantly better, which is also proven in the literature [35, 36] . In the reverse gasification process, increasing the gas injection rate and oxygen concentration will increase the growth rate of the flame front, which may help to control the gasification position of coal seam. 
Characteristics of Gas Components in the Three Zones
As stated earlier, during UCG operation, three zones are formed along the gasification channel according to the temperature distribution and the reactions between the coal and gasifying agents; that is, an oxidation zone (combustion), reduction zone (gasification), and drying and decomposition zone (pyrolysis). In each test phase below, the gas components were analyzed at least six times before averaging.
Characteristics of Gas Components in the Oxidation Zone
Temperatures between 1173 K and 1723 K were selected as the oxidation zone. For the air-mediated processes, Figure 8 shows that as the flow increases from 10 to 20 Nm 3 /h, the CO2 content declines somewhat from 16.54% to 14.97%, but the CO levels increase slightly from 5.69% to 6.97%. 
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Characteristics of Gas Components in the Oxidation Zone
Temperatures between 1173 K and 1723 K were selected as the oxidation zone. For the air-mediated processes, Figure 8 shows that as the flow increases from 10 to 20 Nm 3 /h, the CO 2 content declines somewhat from 16.54% to 14.97%, but the CO levels increase slightly from 5.69% to 6.97%. Upon changing to the enriched oxygen gasifying agent, the CO2 content increases sharply from the highest value for the air-driven process (14.97%) to 24.35%; then, when the flow of the gasifying agent increases from 10 to 20 Nm 3 /h, the CO2 content is dramatically reduced, falling to 15.01%, which is lower than that with air as the gasifying agent. Concomitantly, the CO content grows continuously, significantly increasing by 1.8 times, and when the flow of enriched oxygen is increased to 20 Nm 3 /h, the CO content exceeds that of CO2, which is different from the other test phase. This is mainly because, in the oxidation zone, the reactions between coal and the oxygen contained in the gasifying agent follow the following equations:
The products of Equations (1)- (3) are CO2 and CO, which comprise the major components in the oxidation zone. Although reaction (2) is heterogeneous, reaction (3) is homogeneous, and CO is thus easily oxidized. As the coal in the channel is consumed by gasification, the cavity size increases, so the oxygen in the gasifying agent easily permeates the coal seam [37] , which means that CO is more likely to be converted to CO2. All of these factors result in the higher content of CO2 than CO during most of the reverse UCG model tests, except for that with enriched oxygen at a flow of 20 Nm 3 /h. This is also why the content of CO2 increases sharply when the gasifying agent is changed to enriched oxygen instead of air [17, 35] .
On the other hand, there is an equilibrium between CO and CO2 in the oxidation zone, which follows the following equation:
where λ is a constant associated with the temperature. As can be seen from Equation (4), a rise in the temperature of the oxidation reaction zone is advantageous for CO generation, but not conducive to the formation of CO2 [33] . After the gasifying agent is changed to enriched oxygen, and as its flow increases from 10 to 20 Nm 3 /h, the temperature in the reaction zone constantly rises, resulting in the growth of the CO content, which eventually exceeds that of CO2. Upon changing to the enriched oxygen gasifying agent, the CO 2 content increases sharply from the highest value for the air-driven process (14.97%) to 24.35%; then, when the flow of the gasifying agent increases from 10 to 20 Nm 3 /h, the CO 2 content is dramatically reduced, falling to 15.01%, which is lower than that with air as the gasifying agent. Concomitantly, the CO content grows continuously, significantly increasing by 1.8 times, and when the flow of enriched oxygen is increased to 20 Nm 3 /h, the CO content exceeds that of CO 2 , which is different from the other test phase. This is mainly because, in the oxidation zone, the reactions between coal and the oxygen contained in the gasifying agent follow the following equations:
The products of Equations (1)- (3) are CO 2 and CO, which comprise the major components in the oxidation zone. Although reaction (2) is heterogeneous, reaction (3) is homogeneous, and CO is thus easily oxidized. As the coal in the channel is consumed by gasification, the cavity size increases, so the oxygen in the gasifying agent easily permeates the coal seam [37] , which means that CO is more likely to be converted to CO 2 . All of these factors result in the higher content of CO 2 than CO during most of the reverse UCG model tests, except for that with enriched oxygen at a flow of 20 Nm 3 /h. This is also why the content of CO 2 increases sharply when the gasifying agent is changed to enriched oxygen instead of air [17, 35] .
On the other hand, there is an equilibrium between CO and CO 2 in the oxidation zone, which follows the following equation:
where λ is a constant associated with the temperature. As can be seen from Equation (4), a rise in the temperature of the oxidation reaction zone is advantageous for CO generation, but not conducive to the formation of CO 2 [33] . After the gasifying agent is changed to enriched oxygen, and as its flow increases from 10 to 20 Nm 3 /h, the temperature in the reaction zone constantly rises, resulting in the growth of the CO content, which eventually exceeds that of CO 2 .
Characteristics of Gas Components in the Reduction Zone
Temperatures between 873 K and 1173 K were selected as the reduction zone. In this zone, coal and the gasifying agents undergo the following reactions:
The products of Equations (5) and (6) are CO and H 2 , respectively, which constitute the major components of the production gas in the reduction zone.
This shows that as the flow of the gasifying agent and/or its oxygen content increases, the production of both H 2 and CO steadily grows; the H 2 content grows from 10.28% to 23.64%, a 2.30-fold increase, and the CO level improves from 5.14% to 20.00%, a significant 3.89-fold increase, as can be seen in Figure 9 . The rate of increase in the enriched-oxygen-based reverse UCG model test phase is higher than that with air as the gasifying agent. These results are related to the increases in the flow of the gasifying agent and its oxygen content, which significantly affect the length and temperature of the reduction zone and allow Equations (5) and (6) to proceed [33] .
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Characteristics of Gas Components in the Dry Distillation Zone
Temperatures between 473 K and 873 K were selected as the dry distillation zone. As can be seen from Figure 10 , as the flows of the gasifying agents increase, the CH4 content continually increases. In particular, when the gasifying agent is changed to enriched oxygen from air, CH4 production improves rapidly, from 1.3% to 1.9%. This occurs mainly because, in reverse UCG, the flame front moves toward the gas-injection well toward the source of the oxidant, extending the dry distillation zone. Therefore, more coal will be separated out, releasing its volatile matter and increasing the generation of CH4. 
Temperatures between 473 K and 873 K were selected as the dry distillation zone. As can be seen from Figure 10 , as the flows of the gasifying agents increase, the CH 4 content continually increases. In particular, when the gasifying agent is changed to enriched oxygen from air, CH 4 production improves rapidly, from 1.3% to 1.9%. This occurs mainly because, in reverse UCG, the flame front moves toward the gas-injection well toward the source of the oxidant, extending the dry distillation zone. Therefore, more coal will be separated out, releasing its volatile matter and increasing the generation of CH 4 . Energies 2018, 11, x 11 of 13 Figure 10 . The gas components in the dry distillation zone with air and enriched oxygen as the gasifying agent at different flow rates during the reverse UCG process.
Conclusions
Underground coal gasification (UCG) produces less pollution and is safer than traditional coal mining. Therefore, it may be useful to mitigate the global changes caused by anthropogenic activities. In order to investigate the effects of different gasifying agents or comprehensive analyses of the characteristics of the gas components in the three zones for the reverse gasification process, a model test of reverse underground coal gasification was carried out. The results showed that when the gasifying agent is enriched oxygen rather than air, both the gas composition and calorific values show significant growth. Compared with air as the gasifying agent, enriched oxygen is superior. The contents of H2, CO, and CH4 were 22.39%, 22.10%, and 2.08%, respectively. The gas calorific value was as high as 1430.19 kcal/Nm 3 , 2.4 times that of air as a gasifying agent.
The gas components in the three zones for the reverse gasification process have different characteristics. CO and CO2 are in equilibrium in the oxidation zone, where a rise in the temperature is advantageous for the generation of CO, but not conducive to CO2 formation. Under enriched oxygen instead of air, an increase in flow from 10 to 20 Nm 3 /h results in a steady temperature rise in the reaction zone, and consequent growth in the CO content beyond that of CO2. In the reduction zone, when the flow of gasifying agent and the oxygen content increase, both H2 and CO production continue to improve; H2 grows from 10.28% to 23.64%, a 2.3-fold increase, and CO improves from 5.14% to 20.00%, a significant 3.9-fold increase. In the dry distillation zone, when the flow of gasifying agent increases, the CH4 content also increases. Furthermore, when the gasifying agent is changed to enriched oxygen instead of air, CH4 production improves rapidly, from 1.3% to 1.9%. The effects of higher oxygen concentration in the reverse gasification process have not been comprehensive studied in this article, and it is hoped that this can be completed in further research.
The transformations of the temperature field and growth rate of the flame front were also quantitatively studied. When the flow of air as the gasifying agent increases from 10 to 20 Nm 3 /h, the growth rate of the flame front increases slowly from 0.89 to 1.59 m/day. In contrast, for a similar flow increase for enriched oxygen, the growth rate of the flame front rapidly increases by more than a factor of two, from 1.80 to 4.88 m/day. Therefore, in order to achieve a better effect of reverse gasification, the oxygen concentration of gasifying agent in underground coal gasification industrialization process is recommended to be higher than 21%, which will lead to more combustible gases and a higher calorific value of gas. In the reverse gasification process, increasing the gas injection rate and oxygen concentration will increase the growth rate of the flame front, which may help to control the gasification position of coal seam. 
Underground coal gasification (UCG) produces less pollution and is safer than traditional coal mining. Therefore, it may be useful to mitigate the global changes caused by anthropogenic activities. In order to investigate the effects of different gasifying agents or comprehensive analyses of the characteristics of the gas components in the three zones for the reverse gasification process, a model test of reverse underground coal gasification was carried out. The results showed that when the gasifying agent is enriched oxygen rather than air, both the gas composition and calorific values show significant growth. Compared with air as the gasifying agent, enriched oxygen is superior. The contents of H 2 , CO, and CH 4 were 22.39%, 22.10%, and 2.08%, respectively. The gas calorific value was as high as 1430.19 kcal/Nm 3 , 2.4 times that of air as a gasifying agent.
The gas components in the three zones for the reverse gasification process have different characteristics. CO and CO 2 are in equilibrium in the oxidation zone, where a rise in the temperature is advantageous for the generation of CO, but not conducive to CO 2 formation. Under enriched oxygen instead of air, an increase in flow from 10 to 20 Nm 3 /h results in a steady temperature rise in the reaction zone, and consequent growth in the CO content beyond that of CO 2 . In the reduction zone, when the flow of gasifying agent and the oxygen content increase, both H 2 and CO production continue to improve; H 2 grows from 10.28% to 23.64%, a 2.3-fold increase, and CO improves from 5.14% to 20.00%, a significant 3.9-fold increase. In the dry distillation zone, when the flow of gasifying agent increases, the CH 4 content also increases. Furthermore, when the gasifying agent is changed to enriched oxygen instead of air, CH 4 production improves rapidly, from 1.3% to 1.9%. The effects of higher oxygen concentration in the reverse gasification process have not been comprehensive studied in this article, and it is hoped that this can be completed in further research.
The transformations of the temperature field and growth rate of the flame front were also quantitatively studied. When the flow of air as the gasifying agent increases from 10 to 20 Nm 3 /h, the growth rate of the flame front increases slowly from 0.89 to 1.59 m/day. In contrast, for a similar flow increase for enriched oxygen, the growth rate of the flame front rapidly increases by more than a factor of two, from 1.80 to 4.88 m/day. Therefore, in order to achieve a better effect of reverse gasification, the oxygen concentration of gasifying agent in underground coal gasification industrialization process is recommended to be higher than 21%, which will lead to more combustible gases and a higher calorific value of gas. In the
